Abstract Trafficking of biological material across membranes is an evolutionary conserved mechanism and is part of any normal cell homeostasis. Such transport is composed of active, passive, export through microparticles, and vesicular transport (exosomes) that collectively maintain proper compartmentalization of important micro-and macromolecules. In pathological states, such as cancer, aberrant activity of the export machinery results in expulsion of a number of key proteins and microRNAs resulting in their misexpression. Exosome-mediated expulsion of intracellular drugs could be another barrier in the proper action of most of the commonly used therapeutics, targeted agents, and their intracellular metabolites. Over the last decade, a number of studies have revealed that exosomes cross-talk and/or influence major tumor-related pathways, such as hypoxia-driven epithelial-tomesenchymal transition, cancer stemness, angiogenesis, and metastasis involving many cell types within the tumor microenvironment. Emerging evidence suggests that exosomesecreted proteins can also propel fibroblast growth, resulting in desmoplastic reaction, a major barrier in effective cancer drug delivery. This comprehensive review highlights the advancements in the understanding of the biology of exosomes secretions and the consequence on cancer drug resistance. We propose that the successful combination of cancer treatments to tackle exosome-mediated drug resistance requires an interdisciplinary understanding of these cellular exclusion mechanisms, and how secreted biomolecules are involved in cellular cross-talk within the tumor microenvironment.
Introduction
Aggressive and therapy-resistant cancers sustain on robust biological interaction networks arising from gene-gene, gene-microRNA (miRNA), protein-protein, parallel signaling as well as intracellular, intercellular, and distant cell interactions [1, 2] . The fluidity of such complex biological interaction is maintained by constant influx and efflux of biological material across nuclear and plasma membrane of cells. The advancements in high-resolution imaging have revealed that in addition to the well-recognized active [3] and passive transport systems [4] , there exists a number of additional transport mechanisms through which cells communicate with the outside environment (within its microenvironment and even at distant sites) [5] . Among them, vesicular transport, particularly "exosome"-mediated transport stands out [5] . Over the last three decades, considerable amount of research has been done in order to understand the exosome-mediated cell-cell communication mechanisms [6] . These efforts have revealed various new facets of material transport across biological membranes and have verified, to a great extent, the role of exosomes in disease development [7, 8] . Virtually, every type of protein, RNAs [9] , breakdown products of signaling pathways, viruses [10] , and, as recently discovered, miRNAs [11] can be transported through exosomes. Additionally, as presented in this review, we invoke the concept that anti-cancer drugs (chemo-and targeted agents) may also be subjected to exosomal type of efflux leading to reduced efficacy of different cancer treatment regimens. The consequence of export of such diverse group of entities by exosomes, some known and others yet to be discovered, indicates that much is to be learned on the dynamics of vesicular transport.
Cellular transport (nuclear membrane transport, organelle transport, and cell membrane transport) is mediated by a number of mechanisms, some of which are active, requiring energy input and a carrier or passive, i.e., through diffusion (from high-concentration gradient to lower diffusible entities) [12] . Collectively, these transport mechanisms regulate the proper and controlled expression of important biological moieties, ions, and especially proteins in the right cellular compartments [13] . Many of such transport mechanisms, especially protein transport, activates receptor-mediated signaling through autocrine, paracrine, or juxtacrine mechanisms. The active transport is the movement of a moiety across a cell membrane against its concentration gradient [14] . In both eukaryotic and prokaryotic cells, this usually occurs when there is an accumulation of high concentrations of molecules that the cell needs, such as ions, glucose, and amino acids. Organelle-specific transport plays an important role in the normal cell homeostasis. Nuclear transport (the movement of moieties in and out of the nucleus) has particularly been very well studied [15] . The entry and exit of molecules of >40 kDa from the cell nucleus is tightly controlled by the nuclear pore complexes [16] . Although small molecules can enter the nucleus without regulation, macromolecules such, as RNA and proteins require association with specialized transport proteins, karyopherins (subcategorized as importins (that perform import function) [17] [18] [19] [20] and exportins (performing export function) [21] ). The proteins that are imported in the nucleus carry a nuclear localization signals (NLS) or proteins without NLS that are in complex with other proteins having NLS, and the transport of such proteins are recognized by importins (mostly importin β family) [22] . Likewise, proteins, transfer RNA, and assembled ribosomal subunits carry a nuclear exclusion signal that is identified by the specialized exportins, resulting in their export to the cytoplasm [23] . In addition to the above transport mechanisms, researchers have now turned their focus to the recently discovered noncanonical transport mechanisms in nature that involves specialized machinery, such as exosomes and microparticles. Here, we review some of the current knowledge on these transport mechanisms and how they are playing critical roles in cancer drug resistance.
Exosomes
First discovered in maturing mammalian reticulocyte (immature red blood cell), exosomes are ∼40-to 100-nm vesicles secreted by a wide range of mammalian cell types [24] . The term exosome (at that time derived from microvesicles) was first coined by Trams et al. in the early 1980s [25] . The exosomes consist of a lipid bilayer membrane surrounding a small cytosol and are devoid of cellular organelles. Exosomes contain various molecular constituents of their cell of origin, including proteins and nucleic acid material (all types of RNAs) [26] . Although the exosomal protein composition varies with the cell and tissue of origin, most exosomes contain an evolutionary-conserved common set of protein molecules [27] . The RNA molecules in exosomes include mRNAs, and recently recognized miRNAs. Over the years, researchers have been able to capture exosome biogenesis process in different cell types and have successfully isolated these membranous bodies from diverse sources ranging from blood plasma [28] , serum [29] , and urine [30] .
The biogenesis of exosomes (summarized in Fig. 1 ) is a very tightly regulated process governed by multiple signaling molecules and begins with the receptor activation that is unique for each type of cell [31] . For example, in monocytes and neutrophils, it is the P2X purinoreceptor activation by ATP, in platelets it is the thrombin receptor activation, and for bacterial lipopolysaccharide the toll-like receptor-4 on dendritic cells have been recognized [32, 33] . Morphological studies suggest that exosomes are derived from the microvesicle body (MVB) sorting pathway [34, 35] . The MVBs first fuse with the plasma membrane and release the vesicles into the extracellular milieu as exosomes. Briefly, the contractile machinery of the cell first draws opposing membranes with the help of soluble NSF attachment protein receptor complex (or simply the SNARE complex) together prior to pinching off the membrane connection and releasing the vesicle into the extracellular space [36] [37] [38] [39] [40] .
The release mechanisms of exosomes have been studied in depth as well. Studies from Thery and colleagues demonstrated that a number of Rab family proteins, including Rab27a and Rab27b, act as key regulators of the exosome secretion pathway [41] . Rab27 has been shown to be involved in cancer progression and tumor promotion, which provided early indications that components of exosome secretion pathway may have roles in tumor biology [42] . Apart from Rab27a and b, another Rab family member protein, Rab35 has been shown to regulate exosome secretion by interacting with GTPase-activating protein TBC1 domain family, member 10A-C (TBC1D10A-C) [43] . Exosome release has been shown to be triggered by various other stimuli as well as including ceramide [44] and changes in membrane pH [45] . Studies have also shown that exosomes can be released into the extracellular milieu by the outward exosome and microvesicle budding pathway (EMV) in which budding/fission of the plasma membrane occurs [46] . The regulation of EMV pathway is multifactorial and is sensitive to intracellular calcium levels and dependent on the cell's structural scaffolding. The summary diagram of the most acceptable model of exosome formation and release of exosomes is in Fig. 1 .
Exosome structure
High-resolution microscopy coupled with advanced proteomic analyses of exosomes from different disease models has provided deeper insights into the structural composition of exosomes (summarized in Fig. 2 ). Over the years, it has been recognized that not only the contents inside the exosomes but also the components in exosome structure can influence distant cell signaling. A number of important reviews have elaborated on building blocks of exosomes, and some of the main salient features are described below:
Primarily, exosomes carry proteins membrane transport and fusion proteins, such as Rab GTPases, annexins, flotillins, genes, and proteins for MVB biogenesis proteins, Fig. 1 such as Alix and tumor susceptibility gene Tsg101 [47] . Additionally, the protein families that are associated with lipid microdomains, such as integrins and tetraspanins, such as CD9, CD81, CD82, CD83, and CD63 are also important part of exosome [48] . The pool of exosome proteins are both conserved and also cell type specific, i.e., depending on the cells from where exosomes are secreted. Heat shock proteins (Hsp), CD63 and tetraspanins are the most prominent evolutionary conserved proteins in exosomes [49] . Cytoskeleton and metabolism-related proteins form the pool of other frequently found proteins that include β-actin, tubulins, myosin, cofilin, glyceraldehyde 3-phosphate dehydrogenase, and major histocompatibility complex (MHC) classes I and II molecules [50] . Of interest, exosomes also contain proteins that are involved in cell signaling pathways, like Wnt-β-catenin signaling proteins [51, 52] , the Notch ligand Delta-like 4 [53] along with proteins involved in intercellular cell signaling, such as interleukins [54] . The role of these multifaceted proteins in cancer development, sustenance, and drug resistance is further elaborated in the later sections of this article.
The lipid content of exosomes can be categorized into two types (a) either conserved or (b) matching the characteristics of the cell from where they are originating [55] . Exosome lipidomics have helped in sorting of these lipids in different model systems [56] . These structural lipids do not only give shape to exosomes but have also shown to take part in cell communication by modulating the pathways in cells far away from their site of origin. For example, the lipid content in exosome structure or the ones excluded by them have been shown to suppress critical cancer survival pathways such as Notch leading to cancer cell death in a pancreatic model [57] . Extensive evaluation from different cell types, such as hematopoietic cells, cancer cells, internal MVBs, etc., have shown that exosomes carry lipids that are enriched in lysobisphosphatidic acid; a key moiety in exosome biogenesis pathway that interacts strongly with another exosome biogenesis protein Alix [58] . Collectively, lysobisphosphatic acid and Alix induce the formation of internal MVBs from liposomes through internal budding. Exosomes are enriched in lipids that are associated with lipid rafts, e.g., sphingolipids, cholesterol, glycerophospholipids, and ceramide that have characteristic elongated saturated fatty-acyl chains [59] . Signaling mediators including prostaglandins, arachidonic acid, phospholipase A2, phospholipases C and D, etc. are also component of exosome lipid pool [60, 61] . Collectively, the structure of exosomes is recognized to carry a variety of important proteins and cohesively they interact guiding the intercellular communications in normal and disease states.
Exosomes are secreted by a variety of cells types, and their contents are recognized to play critical roles in interand intracellular communications for diverse cell types [62] .
The ExoCarta database (http://exocarta.org/, a database for exosome target identification and function) lists 4,563 proteins, 1,639 mRNAs, and 764 miRNAs as export targets of exosomes collected from 146 published studies on the Web [63, 64] . These numbers reflect the enormity of targets that can be modulated by exosomes and further highlight the importance of studying them in the context of cancer. For example, maturing reticulocytes release obsolete membrane proteins, such as the transferrin receptor by means of exosomes [65] . Activated platelets release exosomes with multiple warheads including prions affecting distant cells (as discussed in later sections of this review) [66] . Exosomes are also secreted by cytotoxic T cells and serve as efficient resource for cytolytic substances for target cells [67] . While, antigen-presenting cells, such as B lymphocytes and dendritic cells (DC) secrete MHC class-I-and class-II-carrying exosomes that stimulate T cell proliferation in vitro [24] . The fact that exosomes can secrete such a wide variety of different proteins, most of which have recognized roles in influencing multiple signaling pathways, which prompted in-depth studies on exosomes in cell-to-cell signaling. Researchers have hypothesized that exosomes can regulate the function of distant cells by releasing their contents far away from the site of origin and may influence processes in the recipient cells, especially promoting interaction between multiple cell types within the tumor microenvironment. For example, RNA that is shuttled from one cell to another, known as "exosomal shuttle RNA," could potentially affect protein production in the recipient cell [68] . By transferring molecules from one cell to another, exosomes from certain cells of the immune system, such as DC and B cells, may play a functional role in mediating adaptive immune responses to pathogens and tumors [69] . Conversely, exosome production and content may be influenced by molecular signals received by the cell of origin [70] . Microparticles are another form of exporters that are small membrane bound vesicles circulating in the blood derived from cells that are in contact with the bloodstream such as platelets and endothelial cells [71] . Because they retain the signature membrane protein composition of the parent cell, they have been recognized to influence cell behavior even at distant sites and play key role in disease pathology [72, 73] . Nevertheless, in this review, we focus on exosomes only and not on many other secretory vesicles or microparticles.
Exosome-secreted proteins and its consequence in cancer
There is a consensus that exosomes guide the export of major types of proteins and transcription factors to the outer-cellular milieu [74] . Depending on the context, these proteins are either tumor promoters or tumor suppressors.
Such exosomal secretion of proteins is expected to impact distant cell signaling or promote a niche that sustains tumor microenvironment leading to disease spread. Each week, a new protein is added among the exosome cargo export list (data obtained from PubMed search). While new exosome target proteins are constantly being discovered, we highlight some of the major proteins that are known to be secreted by exosomes and summarize the consequence of their export in terms of de novo and acquired cancer resistance.
HSP
Hsps are a class of functionally related proteins that are activated in response to high temperature and other stresses [75, 76] . They have been studied for their roles in stress response, as chaperons proteins, housekeeping genes, cardiovascular function, and antigen presentation [77] . Hsps have been used as immunologic adjuvants to boost the response to a vaccine and for also increasing the efficacy of a vaccine [78, 79] . Mathew et al. discovered the presence of Hsp-70 in exosome from mammalian and avian reticulocytes as well as from a differentiating avian erythroleukaemic cell line [80] . Their studies also revealed a close association of Hsp-70 with the transferrin receptor, a protein lost during reticulocyte maturation leading to the assumption that Hsp-70 plays a key role in exosome formation and/or release in immature red cells. Lancaster and colleagues demonstrated that exosomes contribute to the release of Hsp70 from human peripheral blood mononuclear cells in both basal and heat stress-induced states via a lipid raft-dependent pathway [81] . These studies cemented the foundations of a novel hsp secretory pathway in both the basal and stress-induced state. While investigating the effect of cellular stress on the exosomes produced by B-lymphoblastoid cell lines Clayton et al., observed a differential expression of hsps and other exosome markers such as MHC class I, CD81, and LAMP-2 [82] . Interestingly in their system, the exosomes from control or heat-stressed B cells did not trigger dendritic cell maturation. Direct evidence on the influence of hsp release by exosomes in cancer came from Hong-Li's group showing that anticancer drugs cause release of exosomes with hsps from human hepatocellular carcinoma cells that otherwise have a defective cytotoxic pathway that elicit effective natural killer cell antitumor responses in vitro [83] . Additionally, Cho and colleagues demonstrated that hsp enriched exosomes can elicit anti-tumor response in murine model in a MHC-independent manner [84] . These are some of the examples where exosome secretion of hsp can be harnessed as therapeutics in cancer.
P53
Considered the guardian of genome, p53 is a central player regulating many different cell surveillance pathways [85] .
Its critical role in normal cell physiology is highlighted by the fact that in >50 % of tumors, p53 is found either mutated or lost [86] . In tumors, where p53 is functional, it is under tight regulation by the negative regulator MDM2 that promotes its ubiquitin dependent degradation [87] . Therefore, pharmaceutical re-activation of p53 pathways is being pursued as a major form of cancer therapy [88] . Nevertheless, there are other epigenetic regulatory control mechanisms including the regulation by miRNAs and exosomemediated exclusion regulation that renders p53 reactivating pharmaceutical strategy ineffective. In a proteomic study from Levine's group, the exosomes production by p53 was investigated [89] . The authors demonstrated that p53 promotes exosomes production leading to secretion of numerous p53 target cells in the extracellular environment. This in turn appears to have major implications in adjacent cell communication and immune activation. The same group investigated p53 in endosomal compartments as well [90] . Their studies proved that p53 regulates transcription of the numerous important genes such as TSAP6 and CHMP4C, which enhance exosome production. Simultaneously, p53 could also enhance the expression of CAV1 and CHMP4C; genes for endosomal clearance of the EGFR receptor from the plasma membrane. This mechanism has shown to retard cell growth and division along with cutting down the cells' capability to utilize catabolic resources post-stress signal. Conversely, Lespagonol and colleagues highlighted that suppression of TSAP6 in a mice model severely impairs p53-mediated production of exosomes [91] . P53-mediated exosomes production was also shown to directly influence human papillomavirus (HPV) E6/E7 content in vesicles in an HPV carcinoma model [92] . These and other studies have provided considerable insights into the cross-talks between endosomes, exosomes and transcriptional signaling mediated by p53 [93] . However, much more needs to be learned on the role of exosomes on other family members in the p53 pathway such as p63 and p73 that share similar functions. Collectively, these findings promote the concept that exosomal regulation of p53 and its targets need to be considered in the design of any therapeutic strategy against this master transcriptional regulator.
PTEN
Phosphatase and tensin homolog (PTEN) is a protein that, in humans, is encoded by the PTEN gene and acts as a tumor suppressor [94] . It is ranked among the top most frequently mutated genes in all major cancers [95] . Primarily, PTEN works by keeping PI3K-AKT pathway (found constitutively activated in cancers) in check and regulates cell cycle progression [96] . Putz and colleagues showed that PTEN, which is normally localized in nucleus or cytoplasm of a cell, was secreted in exosomes and showed phosphatase activity in target cells, resulting in the suppression of cell proliferation [97] . These findings have been corroborated by independent groups confirming that the exosomal transfer of PTEN and its consequence on affecting target cells is an important biological phenomenon [98] . In a pancreatic model, studies have shown that exosomes mediate the suppression of hairy and enhancer-of-split homolog-1 (Hes-1), the intranuclear target of Notch-1 signaling pathway, resulting in the activation of apoptotic cascade after a cell cycle arrest in G0/G1 phase and re-expression of PTEN [99] . These findings highlight the reciprocal regulations between Notch signaling and PTEN/GSK-3beta, leading to the conclusion that the interactions of exosomes target cells, hampers the functioning of the Notch-1 survival pathway in a PTEN dependent manner. In summary, these findings open newer avenues for investigating the effects of PTEN activation not only in the cell of origin but also in distant cells where they are exerting their functions.
APC
Adenomatous polyposis coli (APC) is a tumor suppressor protein encoded by APC gene, and mutations in this gene has been shown to contribute in the development of colorectal cancer (CRC) [100] . Primarily, APC is known to regulate β-catenin function (a protein required for the regulation of Wnt signaling) [101] . While studying for the presence of APC in exosomes, Lim and colleagues performed comparative proteomic profiling of exosomes from SW480 and SW480APC (stable transfected with full length APC) colon cells [102] . Their analysis revealed contrasting functions of APC in either model. In the exosomes from APC transfected cell line SW480APC, there was an enhanced expression of Wnt antagonist Dickkopf-related protein 4 (DKK4) that was not found in parental SW480. These findings indicate that in the context of cancer, exosome-mediated secretion of DKK4 may be a mechanism used by epithelial colon cells to regulate Wnt signaling, which is typically lost during CRC progression. Such findings provide indications on the extracellular regulatory roles of APC that in principle can be targeted using exosomes.
5 miRNA export by exosomes miRNAs are small noncoding RNAs with diverse functions [103] . They are recognized to regulate a number of genes by weakly binding to the 3′UTR of their target mRNA, resulting in the deregulation of their target gene expression [104] . A single miRNA can influence multiple genes within a single cell or can even effect the expression of genes in adjacent cells within the microenvironment. The distant cell influence of miRNAs certainly has an element of export mechanism attached to it. Supporting this observation, miRNAs have been observed both at their primary site (i.e., inside of a cell) as well as in the circulation [105] . The circulatory miRNAs are being intensively investigated as biomarkers in different cancers [106] . Traditionally, miRNA export has been well recognized to be mediated through active transport by specialized nuclear exporter XPO5 [107] . Interestingly, recent studies suggest that the secretion of miRNAs is also in part mediated through vesicular/exosome-mediated mechanisms [108] . A recent study showed that most of the miRNAs detected in human saliva were concentrated in exosomes [109] . These findings point to the fact the exosomes have a major part in circulatory miRNA biology. To help understand circulatory miRNAs and their function, databases such as miRandola were developed [110] . The miRandola is a database containing >2,132 entries, with 581 unique mature miRNAs information derived from 21 types of samples. In this database, the miRNAs are classified into four categories, based on their extracellular form: miRNA-Ago2 (173 entries), miRNAexosome (856 entries), miRNA-HDL (20 entries), and miRNA-circulating (1083 entries). The miRandola is available online at: http://atlas.dmi.unict.it/mirandola/index.html. Tools such as Exocarta discussed above and miRandola serve as starting point for circulatory miRNA research hypotheses development and provide excellent resource for the study of exosome-related miRNA export function in different diseases especially cancer.
The role of exosomal miRNAs in regulating intercellular communications has been established [111] . Valadi et al., were the first to show exosome-mediated miRNA transfer and promoted the idea that this could be a mechanism of genetic exchange between cells [112] . In their experiments, the transfer of mouse exosomal RNA to human mast cells resulted in the expression of mouse proteins in humans [113] . Later on, Gibbins group showed that exosomal transport can modulate the activity of miRNA as well [11] . Following these initial discoveries, Koga and colleagues demonstrated that encapsulation by exosomes can protect miRNAs in colon cancer cell line culture supernatant in an extreme condition model (fecal matter) [114] . The study proved that miRNA integrity is maintained in an exosomal cushion indicating that they can remain functional when transferred to distant sites outside the cell of origin. Chen and colleagues have suggested that miRNAs in exosomes secreted by mesenchymal stem cells (MSC) are predominantly pre-and not mature miRNAs [115] . In this system, RNA-induced silencing complex-associated proteins were not observed, suggesting that only the pre-miRNAs but not the mature miRNAs in MSC exosomes have the potential to be biologically active in the recipient cells. However, later on both pre-and mature miRNAs were discovered in exosomes in multiple types of cells and tumor models. In addition to miRNA export, Flynt and colleagues showed that exosomes can also induce miRNA splicing in a Drosophila model [116] . Later on, a number of groups proposed the use of exosomal miRNAs for diagnostic and prognostic purposes in lung [117] , glioblastoma [118] , esophageal squamous cell carcinoma [119] , prostate [120, 121] , ovarian [122] , breast [123] , colon [124] , kidney [125] , leukemia [126] , and other types of cancer [50] . One of the mechanisms preventing miRNA decay is its loading into the RNA-induced silencing complexes (RISC). Recent work showed that RNA granules in the cytoplasm that are rich in RISC complexes are in close association with endosomes. In addition to miRNAs, certain components of the RISC (GW182 and Argonaut proteins) are also present in exosomes. These findings solidified the concept that, miRNA function, and exosome-mediated intercellular communication converge.
Having verified that miRNA can be exported through exosomes, researchers shifted their attention to investigate the consequence of such export in biological systems especially tumors. Exosome-secreted miRNAs have been shown to induce a number of biological functions including modulation of immune response as recently reviewed by Bobrie et al [127] . Middledrop's group demonstrated that human Epstein-Barr virus (EBV)-derived miRNAs can be delivered via exosomes and regulate target genes in the recipient nonviral cells [128] . Conversely, it was shown that malignant transformation alters certain pathways which, in turn, changes exosome released miRNAs, which suggest that malignant transformation alters the pathways mediated through specific miRNAs that are exported from cells [129] . In relation to tumors, in a breast model, Yang and colleagues showed that exosome-secreted miRNAs enhance the invasive potential of breast cancer cell lines [130] . In a recent study, the exosome-transported miRNAs were shown to induce leukemia cell to endothelial communication signifying their role in promoting interactions between distinct population of cells and also confer pro-angiogenic effects [126] . Furthermore, Bullerdiek et al. demonstrated that exosome-mediated delivery of miRNA of chromosome 19 miRNA cluster (19q13 is recognized as a nonrandom cytogenetic abnormality in thyroid adenomas) acts as immune modulators in pregnancy and tumorigenesis [131] . Collectively, these studies show that exosomes play an important role in miRNA regulation and one cannot ignore them while studying miRNA targets or in designing miRNA-targeted therapeutic strategies.
Exosomes in cancer resistance
De novo and acquired resistance to chemo-, radiation, and targeted therapies remains a major stumbling block in cancer treatment [132] . The development of resistance is multifactorial that includes switching of cancer cells to secondary salvage pathways when the primary hallmark is shut [133] , epigenetic suppression of tumor suppressor protein activation by miRNAs [134] , presence of a subpopulation of highly resistant cancer stem-like cells with enhanced plasticity, such as epithelial-to-mesenchymal transition (EMT) phenotype [135] , low drug penetrance (due to desmoplastic reaction or DR in the tumor microenvironment) and others [136] . The role of exosomes in modulating the above-described pathways that leads to the development of cancer radio and drug resistance is an emerging area of intense research (Fig. 3) . For example, Khan and colleagues have shown that exosomal secretion of survivin suppresses the efficacy of proton irradiation in a cellular model [137] . In this study, it was shown that even though the rate of exosomal secretion was not increased by proton radiation, yet the surviving content within the secreted exosomes was higher which, in turn, promoted cell proliferation and metastatic potential. In another study, the role of exosomal secretion in complement resistance in cancer was established [138] . While studying the membrane damage inducer complement system/membrane attack complex (MAC), the authors showed that as a preventive mechanism, cells release exosomes with abundance of protein Mortalin and complement MAC that prevents membrane lysis by the complement system [139] . In another study, Zhang and colleagues demonstrated that membrane form of TNF-alpha secreted in exosomes prevents cytotoxic T cell activationinduced cell death [140] . This resulted in suppressed activity of commonly used pore formers, such as streptolysis O and melittin. Bodey et al. demonstrated that in mammalian ontogenesis, the thymic endodermal epithelial anlage develops and differentiates into a complex cellular microenvironment that is regulated by dendritic exosomes [141] . These dendritic type exosomes within the mammalian thymic microenvironment were projected to play a role in antigen presentation in the dendritic neuro-endocrine-immune cellular network. In another study, lymphoma exosomes were shown to shield target cells from antibody attack by releasing CD20 [142] . The biogenesis of exosomes in this setting was found to be modulated by the lysosome-related organelle-associated ATPbinding cassette (ABC) transporter A3 (ABCA3) which is recognized to cause resistance to chemotherapy [143] . Similarly, exosomes influence on the development of cisplatin resistance has been proven in an ovarian cancer model [144] . In this study, using a cisplatin-resistant and sensitive paired ovarian cell line, it was shown that in the resistant setting there was statistically significant reduction of cisplatin in the lysosomal compartment. The minimal amount of stored cisplatin was rapidly excluded from the lysosomes aided by the enhanced expression of cisplatin transporters. In another investigation, Jin et al. detected enhanced secretion of Annexin 3 protein in vesicles from cisplatin resistant ovarian cancer cell lines [145] . The number of exosomes in these ovarian cell lines was directly correlated with the expression status of Annexin 3 protein as well. These findings point to the role of certain proteins in promoting exosomes secretion as well. Similarly, in a breast Her-2 expressing cell line model, the resistance to Trastuzumab was linked to the secretion of Her-2 over-expressing exosomes [146] . These authors found that the release of exosomes was modulated by EGF and heregulin that are recognized as Her-2 receptor-activating ligands. Their cell line findings could be replicated in Her-2-positive tumor cell-conditioned supernatants or in breast cancer patients' serum bound to Trastuzumab. These investigations conclusively linked Her2-positive exosomes in modulating sensitivity to Trastuzumab, and, also to Her2-driven tumor aggressiveness.
The above important findings rushed in an era of largescale proteomic analysis of tumor-derived exosomes that provided much of the insights on resistance signatures in different cancer models. These studies provided deeper insights on the content of secreted exosomes and also shed light on how exosomal components exert their function supporting their clinical application in immunotherapy regimens. For example, proteomic profiling of exosomes was performed on prostate cancer cell lines with distinct AR phenotypes [147] . In this study, a comprehensive proteomic and lipidomic analysis of prostate-derived exosomes was performed to identify biomarker and therapeutic targets for the treatment of prostate cancer. Similarly, other researchers have performed proteomic analysis on exosomes derived from different cancer cell types and biological fluids such as exosomes from human pleural effusion [148] , human mesothelioma cells [149] , and exosomes derived from melanoma cells [150] . In the following sections, we will elaborate how exosomal secretions influence the major signaling networks that are recognized to play pivotal role in the sustenance of cancer, and how they influence de novo and acquired drug resistance.
The role of exosomes in tumor microenvironment, cancer metastasis, and metastatic niche
Understanding the complexity of the tumor microenvironment is daunting. A number of elements are involved in seeding and maintenance of the tumor microenvironment including cells from different lineages, soluble factors, signaling molecules, extracellular matrix, hypoxia, and mechanical cues (as discussed here in the form of exosomes) that could promote neoplastic transformation. These combinations of factors support tumor growth and invasion by protecting the tumor cells from host immunity and fostering therapeutic resistance, and provide niches for metastases to thrive. The metastatic niche receives constant inputs from the above mentioned cues that educate tumor cells to become aggressive and therapy resistant. Such tumor cell education within the microenvironment is being intensively investigated and has been suggested to be through various mechanisms, including (a) cell[cell and cell-matrix interactions, (b) local release of soluble factors promoting survival and tumor growth (crosstalk between stromal and tumor cells), (c) direct cell-cell interactions with tumor cells, i.e., trogocytosis, (d) generation of specific niches within the tumor microenvironment that facilitate the acquisition of drug resistance, or (e) conversion of the cancer cells to Fig. 3 Role of exosomes in sustaining cancer resistance networks: exosome-mediated export of biological material can induce a microenvironment favorable for resistance. Exosome-released factor can promote a EMT cell morphology, resulting in stemness; b promote fibroblastlike cell formation that causes desmoplatic reaction (stromal reaction); c promote immune escape mechanisms; and d promote angiogenesis and metastasis. The miRNAs expelled by exosomes can regulate multiple signaling pathways that cumulatively promote resistant phenotype of most tumors cancer-initiating cells or cancer stem-like cells. Collective analysis of each of these factors points to some form of communication between different components of the microenvironment as the underlying/encompassing principle and in essence gives substance to our "exosome signaling hypothesis." In the following paragraphs, we will individually discuss the published studies that have proven the roles of exosome-mediated transport in diverse mechanisms, such as metastasis and angiogenesis, hypoxia, EMT signaling, TGF-β signaling, and Wnt-β-catenin signaling that collectively support the tumor microenvironment niche.
Exosome in metastasis
Most cancer deaths are the result of metastasis which is generally refractory to any form of available therapies [151] . Researchers are still grappling to understand the underlying drivers of migratory cells and their ability to escape the site of origin in primary tumors [152] . Exosomes are known mobile elements that function as escape routes for proteins and miRNAs (some of which can be promoters of metastatic pathways) from one cell (site of origin) to distant locations. As expected, the role of exosome-mediated signaling in cancer metastasis is also emerging. For example, Grange and colleagues showed that exosomes released from renal cells can promote angiogenesis in lung cancer ascites [153] . The breakthrough in the understanding of exosome's interaction with endothelial cells, angiogenesis, and metastasis promoters came with the advent of fluorescent exosome-labeling techniques. Using these techniques, melanoma exosome was observed to interact with and influence endothelial cell morphology through exosomes [154] . This was concurrent with the production of endothelial spheroids and endothelial sprouting. Similarly, exosome-mediated release of melanoma cells was shown to prime sentinel lymph node metastasis [155] . These are examples where tumor exosomes elicited paracrine endothelial signaling thereby contributing to metastatic spread of the tumors. Recently, Rana and colleagues investigated how tumor derived exosomes educate selected host tissues towards pro-metastatic phenotype [156] . In this study, tumor exosomes were shown to target nontransformed cells in pre-metastatic organs and modulate pre-metastatic organ cells predominantly through transferred miRNAs. The exosome delivered miRNAs were found to mostly target metastasis-related pathways, such as proteases, adhesion molecules, chemokine ligands, cell cycle-and angiogenesispromoting genes, and genes engaged in oxidative stress response. In a prostate model, large oncosomes (oncogenic exosomes) containing metalloproteinases, RNA, caveolin-1, and the GTPase ADP-ribosylation factor 6, and factors that are active toward tumor cells, endothelial cells, and fibroblasts were shown to be present in the circulation of mice carrying metastatic disease [157] . These are prime examples where migrating tumor cells and exosomes condition the tumor microenvironment and distant sites, thereby potentiating disease progression.
Exosomes, hypoxia, and tumor microenvironment
Hypoxia is an emerging area that is a critical component promoting the sustenance and spread of epithelial tumors [158] . The seeding of tumor stroma (DR), a barrier to efficient drug delivery, has been clearly linked to be supported by hypoxia and related pathways [159] . The hypoxic environment (a niche within tumor) is recognized to harbor cells that are drug resistant (compared with the bulk of the tissue) carrying markers that are reminiscent of EMT (a hall mark of cancer stem like cells as discussed in detail later) [160] . It was recently documented that hypoxia promotes the secretion of various tumor-promoting factors that influence adjacent tissues in the tumor microenvironment [161] . Therefore, either directly targeting hypoxia or the factors promoting this important phenomenon is an emerging form of therapy under investigation [162, 163] . A number of studies have indicated that hypoxia promotes exosomes secretion in different tumor types. In a breast model, King and colleagues showed that hypoxia-mediated activation of HIF-1α enhances the release of exosomes and results in aggressive cell phenotype [164] . Concurring with these findings, very recently, exosomes were shown to reflect the hypoxic status of glioma cells [165] . In this model, exosome secretion was found to be promoted in a hypoxiadependent manner leading to the activation of vascular cells during tumor formation. While in a kidney tumor model, Borges and colleagues showed that TGF-β1-containing (a promoter of EMT) exosomes from injured epithelial cells activate fibroblasts to initiate tissue regenerative response and fibrosis [166] . The fibroblast activation was found to be dependent on the success of exosomes to primarily deliver TGF-β1 mRNA to the site of fibrosis. These findings certainly have implications in designing an exosome-based therapeutic strategy for targeting fibrosis. Another important study by Park et al. showed that cells in hypoxic microenvironment promote angiogenic pathways and increased metastatic potential through exosomal secretion of certain specialized proteins tetraspanins and Alix in a A431 carcinoma cell line model that was subjected to hypoxia and reoxygenation [167] . Similarly, in a highly malignant glioma system, hypoxia was shown to promote pro-angiogenic pathways through cancer-associated vesicle (exosomes) secretion [168] . The angiogenesis promoted by exosomes was mediated through upregulation of protease-activated receptor 2 in epithelial cells. These findings led the same group to develop the hypothesis that the presence of exosomes reflects the hypoxic status of aggressive glioma cells [169] .
Tumor cells exposed to hypoxia secrete exosomes with enhanced angiogenic and metastatic potential, suggesting that tumor cells adapt to a hypoxic microenvironment by secreting exosomes to stimulate angiogenesis or facilitate metastasis to more favorable environment [167] . These and other studies verify the role of hypoxia in promoting exosomes secretion that in turn creates a microenvironment favorable for pro-angiogenic environment leading to the development of aggressive tumors.
Exosomes in EMT
EMT, driven by a complex interaction network [170] is considered one of the hallmarks of aggressive tumors [171] . Cells undergoing EMT have enhanced plasticity and propensity to migrate out from the site of origin, resulting in tumor spread [115] . The EMT type cells have been recognized to secrete factors that affect adjacent cells and tissues and contribute to resistance by maintaining the overall tumor microenvironment [172] . The role of exosomes in EMT promotion has been delineated recently. Garnier and colleagues have demonstrated that cancer cells induced to express mesenchymal phenotype release exosome-like extracellular vesicles carrying tissue factor [173] . Similarly, Roccaro et al. showed that exosomes released from bone marrow derived mesenchymal cells (BM-EMT cells) can promote multiple myeloma (MM) formation in an animal model system [174] . In this study, MM promotion was shown to be governed by exosomal miR-15a highlighting the role of mobile miRNAs in distant cell communication especially in the regulation of EMT-related pathways.
7.4 Exosomes, TGF-beta signaling, and tumor stroma TGF-beta has for long been recognized to play an important role in the promotion and maintenance of tumor stroma as well as in the induction of EMT [175, 176] and is used as a model to artificially induce EMT in cell culture models [177] . While studying the effect of tumor cell-derived exosomes on mesenchymal stromal cells by treating adipose tissue-derived MSCs (ADSCs) with breast cancer-derived exosomes, Cho and colleagues showed that these exosometreated ADSCs exhibited the phenotypes of tumorassociated myofibroblasts (TAM) with increased expression of α-SMA (a promoter of DR) [178] . The TAM formation by exosome treatment was concurrent with an increase in tumor-promoting factors SDF-1, VEGF, CCL5, and TGFbeta. Collectively, the results show that tumor-derived exosomes induced the myofibroblastic phenotype and functionality of ADSCs via the SMAD-mediated signaling pathway indicating that their contribution to the progression and malignancy of tumor cells is indeed mediated by converting MSCs within tumor stroma into TAM in the tumor microenvironment. Analyzing the role of exosomal export of TGF-beta, Clayton and colleagues showed that exosomes rich in TGF-beta can suppress the lymphocytes response to interleukin 2 [179] . Similarly, the family member TGFalpha was shown to stimulate the secretion of exosomal hsps, resulting in the enhancement of human skin cell migration during wound healing in a skin plasticity model [180] . In another study, Clayton and colleagues showed that NKG2D ligand acts as a physiological target for exosomemediated immune evasion in cancer [181] . Here, the authors demonstrated that exosomes derived from cancer cells express ligands for NKG2D and express TGF-beta1, and they further investigated the impact of such exosomes on CD8(+) T and NK cell NKG2D expression and on NKG2D-dependent functions. In another study, Cho and colleagues determined the biological effect of exosomes from two ovarian cancer cell lines (SK-OV-3 and OVCAR-3) on ADSCs [182] . They reported that exosome treatment induced ADSCs to exhibit the typical characteristics of TAM, with increased expression of alpha-SMA, and also increased expression of tumor-promoting factors such as SDF-1 and TGF-beta. This phenomenon was correlated with an increased expression of TGF-beta receptors I and II. In essence, the exosomes from ovarian cancer cells induced the myofibroblastic phenotype and functionality in ADSCs by activating an intracellular signaling pathway, suggesting that ovarian cancer-derived exosomes contribute to the generation of TAM from MSCs in the tumor stroma.
Exosomes in Wnt-β-catenin signaling
Wnt signaling plays central role in tissue development, and aberrations in this evolutionary conserved pathway has been shown to be linked with the development of cancers [183] . Targeting of Wnt signaling for cancer therapy has been intensely investigated [184] . A major component in Wnt signaling pathway is the β-catenin protein that acts as an intracellular signal transducer and functions as a dual function protein, regulating the coordination of cell-cell adhesion and gene transcription, processes that are essential for early embryonic development [185] . Increased nuclear β-catenin has been shown in various cancers [186] . Nevertheless, the underlying mechanism on how Wnt controls intercellular interactions and transports between cells remains elusive. In a seminal study Korkut et al., showed that Wnt is transported between cells through exosome-like vesicles containing the Wnt-binding protein evenness interrupted (Evi)/Wntless/sprinter [187] . This was the first investigation showing exosomal Wnt transport between cells. The same group further investigated the mechanism of transport in greater detail by using RNA silencing assay to screen for critical genes that prevent the release of Evi vesicles. In this study, the authors identified two proteins, Rab11 and Syntaxin 1A (Syx1A), that were required for Evi vesicle release. Interestingly, in an in vivo neuromuscular junction, Syx1A, Rab11, and its effector Myosin5 were required for proper Evi vesicle that show conservation with exosomes in other systems as well [188] .
Exosome-mediated regulation of β-catenin signaling has also been studied. Two tetraspanins (abundantly found in exosomes) CD82 and CD9 were shown to strongly suppress β-catenin-mediated Wnt signaling activity and led to a significant decrease in β-catenin protein levels [189] . These findings pointed to the role of proteins (found enriched in exosome) in mediating the downregulation of Wnt signaling through exosome-mediated discharge of β-catenin. Another study demonstrated that exosomes derived from plasma cells carried high expression of Frizzled receptor (component of Wnt signaling) and that could suppress the proliferation of activated CD4(+) T by inducing apoptosis through regulation of Wnt signaling [190] .
While the above studies prove that exosome-mediated regulation of Wnt signaling is important, the reverse effects have also been observed (i.e., Wnt signaling molecules regulating exosome secretion). Cooper and colleagues showed inducible release of exosomes in primary cultured rat microglia following treatment with recombinant carrierfree Wnt3a; an oncogenic protein [191] . Interestingly, proteomic profiling of these microglial-derived exosomes revealed proteins involved in cellular architecture, metabolism, and protein synthesis and their degradation. These findings have established that Wnt signaling either induces exosome secretion or the components in the Wnt signaling pathway that can be exported to distant sites through exosomal transport. The consequence of this interaction is far reaching especially in diseases such as cancer. For example, Luga and colleagues recently demonstrated that fibroblast-secreted exosomes promote breast cancer cell aggressiveness by protrusive activity and motility via Wntplanar cell polarity signaling that was translated into enhanced metastasis [192] . These studies highlighted the role of intercellular communication pathway whereby fibroblast exosomes mobilize autocrine Wnt-planar cell polarity signaling to drive breast cancer invasive behavior.
Exosome-mediated drug expulsion, an emerging concept
Cytotoxic agents that target DNA integrity through intercalation or small molecule targeted agents that are designed against a protein cavity require proper cellular localization for their action [193] . Most drugs are administered intravenously or orally with the hope that in the biological systems they will reach to their target endpoint, i.e., intracellular localization, resulting in efficient blocking of the pathway. However, cancer cells are smarter than originally believed because cancer cells exposed to drugs are recognized to expel drugs in extracellular compartments using specialized transporters of the multidrug resistance (MDR)-ATP binding-cassette transporter (ABC transporters) system that are found to be activated in different malignancies [194] . MDR-ABC reversing agents have been implemented with some clinical success in patients, and thus the field of drug resistance has risen considerably over the last few decades [195] . However, most of the work related to drug export has been limited to ABC type transporters. Since exosome are recognized to carry ABC proteins, we propose that drugs or their intracellular metabolites can also be expelled out of the cells through exosomal mechanisms. The first indications on ABC transport-mediated evasion from cancer therapy came from immunotherapy studies where it was shown that exosomal evasion of humoral immunotherapy in aggressive B cell lymphoma is modulated by ABCA3 ( [142] as discussed earlier). Below are some examples where exosome-mediated drug resistance has been studied in different cancer models.
Using a prostate cancer model, Corcoran et al. showed that resistance to docetaxel was associated to enhanced exosomal secretions, resulting in phenotypic changes in the morphology of the cells. In this study, MDR-1/P-gp exosomal transfer was considered as the primary driver for docetaxel resistance [196] . Furthermore, exosomes from prostate cancer patients' sera led to increased cell proliferation and invasion, compared with exosomes from agematched controls. Although these studies fell short of evaluating the docetaxel content in the exosome, the findings do conclusively indicate that exosomes may play an important role in prostate cancer cell-cell communication, and thus may offer potential as vehicles containing predictive biomarkers and new therapeutic targets. In a very important study, Kerbey Shedden and colleagues investigated the encapsulation and expulsion of different anticancer drugs by exosomes/vesicles, and its correlation to drug sensitivity in different cancer models [197] . Using expression analysis for vesicle-shedding genes in NCI 60 cell line panel, they demonstrated that both shedding index and GI 50 (50 % inhibitory drug concentrations) index for 171 compounds (drugs) were predominantly having positive relationships. These findings strongly indicated that exosome/vesicle shedding and drug resistance are related across a broad spectrum of tumors. Most importantly, these authors was able to capture exosome-encapsulated doxorubicin using fluorescent microscopy, confirming the hypothesis that drugs are physically expelled by exosome type particles. Although few, yet these studies do support the idea that exosomal expulsion of drugs or their breakdown products may result in either reduced efficacy in cancer or even lead to its effect on nontarget organs in adjacent tissues (Fig. 4) . However, more work is needed to delineate this novel mechanism of cellular exclusion of different drugs to solidify this hypothesis.
Exosome-based cancer therapeutics
Exosome-based therapies serve as attractive strategy against cancers and other diseases [198] . Being autologously generated within the host, they can be engineered to carry drugs or target proteins without invoking immunogenic response [199] . Exosome-based delivery methods have been tested in the clinic successfully and were found to be well tolerated in patients (as discussed later). A number of different strategies have been applied to harness the potential of these exosomes, and are listed below. In the following section, we provide an overview of some of the different therapeutic applications of exosomes and also project the future course of therapeutics in cancer.
Exosome-based immunotherapy for cancer
The immune therapeutic benefits of exosomes were realized in the late 1990s. The first study highlighting the therapeutic role of exosomes in cancer came from the work of Zitvogel and colleagues where they showed that DCs secrete antigen presenting exosomes, having functional MHC classes I and II, T cell and co-stimulatory molecules [200] . These tumor peptide-pulsed DC-derived exosomes were found to prime specific cytotoxic T lymphocytes in vivo and eradicated or suppressed growth of established murine tumors in a T celldependent manner, suggesting that exosome-based cell-free vaccines could become an alternative to DC adoptive therapy against tumors [201] . Building on these studies, their team investigated the molecular basis of exosome-induced immune stimulation, and analyzed the regulation of their production during DC maturation by characterizing the protein composition using peptide mass mapping [202] . In this investigation, exosomes were found to contain several cytosolic proteins (including annexin II, heat shock cognate protein hsc73, and heteromeric G protein Gi2alpha), as well as different integral or peripherally associated membrane proteins. Subcategorizing the components of secreted exosomes showed the presence of hsc73, a cytosolic hsp which is considered to be the primary factor inducing antitumor immune responses in vivo, and thus could be involved in the exosome's potent antitumor effects. Interestingly their studies highlighted the suppressed production of exosomes during DC maturation, indicating that in the in vivo setting, exosomes are produced by immature DCs in peripheral tissues. Wolfer et al. using a human in vitro model system showed that exosomes, contain and transfer tumor antigens to dendritic cells [203] . In a mouse tumor exosome uptake model, the dendritic cells were shown to induce potent CD8+ T cell-dependent antitumor effects on syngeneic and allogeneic established mouse tumors leading to their hypothesis that exosomes represent as a novel source of tumor-rejection antigens for T cell cross priming, relevant for immuno-interventions. The above proof-of-concept studies paved the way for the production, isolation, and characterization of clinical grade exosomes derived from dendritic cells [204] . Consequently, the tumor rejection potential of exosomes in CpG adjuvants efficiently primed with naive Tc1 lymphocytes was confirmed [205] . In another study, Taieb and colleagues demonstrated the synergistic effects of dendritic cellderived exosomes (DEX) on established mice tumors pretreated with immuno-potentiating doses of cyclophosphamide [206] 
Nanotechnology in exosome therapeutic development
Being a nanoscale entity, exosomes have often been mostly viewed through the lens of nanotechnology [207] . Many different aspects of nanotechnology have been applied to either detect, characterize, and even design exosome-based therapies for different disease model systems [208] . For example, nanotracking devices have been utilized to investigate and localize exosomes in different organisms [209, 210] . Nanobased formulations that have been assembled to mimic exosomes have been projected as attractive therapeutics against cancer [211] . In this direction, Ristorcelli et al. developed pancreatic tumor nanoparticles that mimicked exosomes as characterized by proteomic analyses and rich in lipid rafts, and decreased tumor cell proliferation [212] . This nano-exosome was shown to increase pro-apoptotic factors and suppressed anti-apoptotic Bcl-2, induced PTEN and glycogen synthase kinase-3beta activation and decreased pyruvate dehydrogenase activity concurrently suppressing β-catenin. The same group showed that nanoformulation of exosome could induce pancreatic cancer cell death through the Notch pathway inhibition [57, 99] . In another study, nanoinjections of RNAi in dendritic-derived exosomes allowed delivery to the brain without invoking immune response [213] . These findings were confirmed when Varez-Erviti et al. showed that siRNAs can be delivered across the blood brain barrier in a mouse model using systemic injections of exosomes [214] . Zhu and colleagues recently demonstrated that a magnetic iron oxide nanoparticles (MIONs)-induced exosomes can act as a signaling mediator in the induction of T helper cell type 1 (Th1) immune activation both in vitro and in in vivo in Balb/c mice model [215] . These are some of the studies highlighting the benefit of applying nanobased assays in the design of exosome drug therapies for cancer.
As the characterization of exosome will evolve further, we expect to yield superior nanoformulations that could be designed against promoters of tumor microenvironment which may show treatment success against highly resistant cancer models.
Natural agents (dietary and derivatives) and exosomes
Plant derived dietary agents and their derivatives have been investigated for many decades for their health promoting benefits [216] . A number of agents have demonstrated antitumor activity in different animal models ranging from subcutaneous, orthotopic and advanced transgenic model system [217, 218] . Being nontoxic, they serve as excellent agents that could be tested either for single agent efficacy or in adjuvant setting in the clinic. A number of diet derived agents have even been entered for clinical evaluation [219] [220] [221] . Generally speaking, most of natural agents, such as resveratrol, curcumin, tea catechins, etc. have pleiotropic mechanism of action [222] . These agents have welldocumented cancer cell selectivity and have also been shown to influence virtually most of the major signaling pathways, miRNA network and even hit epigenetic pathways. Likewise, their efficacy on exosome release or against exosomes has also been tested in different laboratories independently. For example, Zhang and colleagues demonstrated that curcumin could partially suppress the exosomemediated inhibition of natural killer cells thereby reversing the sensitivity of breast tumor cells to different drugs [223] .
In their study, pretreatment with curcumin impaired ubiquitin system, resulting in enhanced activation of STAT5 signaling. Additionally, Zhuang and colleagues utilized an exosome-encapsulated curcumin formulation to demonstrate superior activity against brain inflammatory diseases [224] . These studies clearly point to an unexplored area of research where researchers can find answers to some of the unexplained mechanisms attributed to the multifaceted natural agents against cancer and other diseases.
Clinical status of exosome-based therapeutics and future challenges
Exosomes are well tolerated in humans and have entered clinical trials for different cancers. Escudier et al. tested the feasibility and safety of autologous exosomes pulsed with MAGE 3 peptides for the immunization of stage III/IV melanoma patients in a phase I clinical trial [225] . The secondary endpoints in this clinical study were (a) evaluation of T cell response and (b) clinical outcome. Interestingly, there was no grade II toxicity and the maximal tolerated dose was not achieved. One patient exhibited a partial response according to the RECIST criteria. In conclusion, the first exosome phase I trial validated the feasibility of large-scale exosome production for clinical administration in patients with melanoma. Recently, a novel device-based strategy was presented that involved extracorporeal hemofiltration of exosomes from the entire circulatory system using an affinity plasmapheresis platform known as the Aethlon ADAPT™ (adaptive dialysis-like affinity platform technology) system [226] . However, its clinical utility needs to be tested in future studies. At present, there are a number of clinical studies that utilize an exosome-based regimen (ClinicalTrials.gov Website keyword search exosome).
(1) NCT01550523 is a phase I pilot immunotherapy trial for recurrent malignant gliomas that involves taking the patient's own tumor cells during surgical craniotomy, treating them with an investigational new drug designed to shut down a targeted surface receptor protein, and re-implanting the cells. The study captures exosomes secreted from apoptotic cells that are rich in antigen titer. (2) NCT01159288 is a trial involving vaccination with tumor antigen-loaded dendritic cells derived exosomes. This trial uses second generation Dex against advanced unresectable NSCLC patients. (3) NCT01344109 is a pilot study of tumor-derived exosomes as diagnostic and prognostic markers in breast cancer patients receiving neoadjuvant chemotherapy. (4) NCT01668849 is a trial that involves natural agents (more specifically grape derived exosomes) to affect oral mucositis associated with chemoradiation treatment of head and neck cancer. (5) NCT01779583 is a trial to investigate the circulating exosomes for their prognostic and predictive biomarker in gastric cancer patients, and (6) NCT01294072 is a study investigating the ability of plant exosomes to deliver effective doses of curcumin to normal and colon tumor tissue. At present, the miRNA-based trials involving exosomes have not been initiated, and we are still a long way from realizing their usefulness in the clinic because many critical challenges must be overcome to realize their therapeutic potential. For example, a number of studies have shown that all exosomes secreted by cells are not alike. In a colon model, Tauro and colleagues were able to capture two distinct types of exosomes [227] while in the human saliva, small RNA transcriptomes of different types of exosomes were recently captured using next generation sequencing [228] . The presence of distinct subpopulation of exosomes adds to the complexity and further reiterates the need for a more robust search and characterization of these carriers in normal and disease models.
Conclusions and future direction
Success in treatment against complex cancers is dependent on our full understanding of the intricacies of interactions between different components within tumors. Exosomes are small particles with big functions and are emerging as major players in inter-and intracellular communications. Their function in distant cell interaction is slowly being established and researchers have now been able to unwind their complex role in cancers. Exosomes have been shown to secrete diverse biological molecules ranging from virions, miRNAs, proteins, and their complexes as presented here in the context of different therapeutics. There has been a drive to harness the potential of exosomes to deliver therapeutic content across biological membranes without invoking immuneresponse. The field of nanotechnology has extensively benefitted exosome research and researchers have been able to apply the nanoprinciples to detect, characterize, and load exosomes with warheads toward successful immunotherapy in clinical trials. Nevertheless, we are still a long way from fully realizing the power of these nanoscale carriers. Little is known as to how they especially influence distant cell interactions within the tumor microenvironment (having multiple types of cells) that is a niche driving de novo and acquired drug resistance. This review discussed some of the aspects of exosome biology in solid tumor resistance where the multifaceted effects of these small carriers on promoting pathways to tumor resistance were explained. Most importantly, the role of miRNA in the context of exosome is an area of intense research and we sincerely hope that targeted inactivation of cancer causing miRNAs would likely provide newer strategy for targeting not only tumor cells but the entire tumor microenvironment to achieve cure for most cancers. It is hoped that researchers will dwell deeper into this emerging field of research and devise newer context dependent exosome-based strategies to overcome therapeutic resistance, which happens to be the toughest and most challenging issue in cancer therapy.
